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Abstract

Field data have suggested that under P-deficient conditions, legumes supplied with phosphate rock (PR) increase P acquisition by a

subsequent maize crop compared to direct application of PR to maize. This study assessed the mechanism of this positive rotational

effect in terms of soil P availability using a greenhouse trial with large volume (74 l) containers. The rotation effect was analysed in

relation to PR application, previous legume growth and incorporation of the legume residues. Velvet bean (Mucuna pruriens) and maize

were grown in a representative Acrisol from the Nigerian Northern Guinea savannah (NGS). All soils were applied with sufficient urea to

exclude N-effects in the rotations. In a first season, velvet bean and maize responded similarly to PR application, and P uptake by both

crops increased by 45%. The soil total labile P quantity (E-value) and P concentration in soil solution ð31PsolutionÞ after plant growth were

increased by PR-application only in soils previously grown by velvet bean, suggesting enhanced PR solubilisation in the legume-grown

soils. In the subsequent season, grain yields and P uptake of a maize crop following velvet bean were twice as large compared to maize

following a first maize crop. This residual effect of velvet bean was even significant in treatments without PR-application, although both

maize and velvet bean withdrew similar amounts of P during the first season and no differences in soil P availability were observed.

Furthermore, legume residue incorporation in soils previously grown by maize did not affect yields or P uptake of the subsequent maize

crop, while it significantly increased the E-value and 31Psolution during the first 7 weeks in the second season. As such, the positive

rotational effects of velvet bean were larger than predicted by soil P availability measures. Maize yield significantly increased with

increasing plant P concentration among all treatments. However, the rotational effect was unrelated to internal P concentration:

significantly larger yields were obtained for maize following velvet bean than for maize following maize at identical internal P. This

suggested the presence of another growth-limiting which is counteracted by the previous velvet bean growth. In conclusion, our results

confirmed that the introduction of a legume supplied with PR into a maize-based cropping system increases yield and P-uptake by a

subsequent maize crop, compared to maize following a first maize crop supplied with PR. These stimulations, however, went beyond

improved P nutrition. Results strongly suggested that the legume in the rotation system has other positive, possibly soil-microbiological

effects which enhance maize growth and production.
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1. Introduction

P deficiency limits crop production in many soils of the
Northern Guinea savannah (NGS) zone of West-Africa
(Bationo et al., 1998; Vanlauwe et al., 2002). Inorganic P
fertilizers are often unavailable on local markets and/or
not within economic reach of smallholder farmers, and
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therefore, alternative strategies are needed to improve P
nutrition of crops. In the tropics, many phosphate rock
(PR) deposits are mined but due to their low solubility,
they are rarely used as a direct P input. Response to PR
application by maize is usually limited in non-acid soils.
Vanlauwe et al. (2000a, b), however, have shown that the
utilization efficiency of PR can be improved by using
adapted legume-maize rotation systems. Specific legumes
are known for their ability to chemically alter P speciation
in the rhizosphere and mobilize sparingly soluble P (Braum
and Helmke, 1995; Kamh et al., 1999b; Pypers et al.,
2006b). The main mechanisms resulting in enhanced
utilization of PR are acidification of the rhizosphere
(Bekele et al., 1983; Hinsinger and Gilkes, 1997) and
exudation of organic acids (Hoffland, 1992). It is specu-
lated that in this way, legumes revalue the PR into a more
available P source. A cereal crop following the legume can
then benefit directly from the enhanced P availability in the
soil and acquire P released from the decomposing legume
residues (Horst et al., 2001).

Velvet bean (Mucuna pruriens) has become increasingly
popular with West-African farmers, mainly due to its
weed-suppressing capacity (Tarawali et al., 1999). In
addition, if well nodulated, velvet bean is able to
biologically fix substantial amounts of atmospheric N2

(Sanginga et al., 1996; Houngnandan et al., 2000) and is
known to generally improve soil fertility (Carsky et al.,
1998). Evidence was provided by Vanlauwe et al. (200a, b)
that the incorporation of this legume in a maize-based
rotation combined with PR application can largely
improve utilization of PR within the system, in comparison
with PR-applied in a sole maize cropping system. They
reported a site-specific response by velvet bean to PR
application. The PR application increased biomass produc-
tion of velvet bean at one of the three sites (the ‘plateau
site’) characterized by the lowest Olsen P content and
higher P sorption capacity. At the beginning of the
following growth season, the Olsen P content was
significantly increased in fields where previously velvet
bean was grown compared to fields where previously maize
was grown. Yields of maize following the legume with PR
application were increased from 1.0 to 2:7 t ha�1 and P
uptake was more than three-fold larger compared to maize
following the legume without PR application. These
beneficial rotation effects were ascribed to the larger PR
utilization by the legume and consequent improved P
availability in the soil, since maize following the legume
without PR application did not respond to urea addition.
In PR-applied soils, however, both maize following velvet
bean and maize following a first maize crop responded
significantly to additional urea application, implying that
the yield increase in the velvet bean–maize rotation is at
least partly attributed to improved N nutrition of maize.
Hence, it remains unclear to what extent a PR-supplied
legume directly improves P availability for a following
maize crop. This question, along with the need to under-
stand the soil processes underlying the assumed improved
P availability in legume–maize rotation systems, triggered
the research presented in this paper.
The rotation effects of the legumes can be related to the

root-induced processes leading to dissolution of PR and to
P release from mineralizing legumes. In a pot trial, Kamh
et al. (1999a) studied rotational effects of several legumi-
nous cover crops in P-deficient soils of the Nigerian NGS.
They showed that the growth of a maize plant following
the legumes was principally P-limited. Growth and P
uptake were enhanced for maize plants following legumes
which showed high exudation rates of organic acids or
phosphatases, examined independently in a hydroponics
trial, which suggested that beneficial rotation effects were
linked with the P mobilization capacity of the cover crop.
Changes in P availability in the soil were however not
studied. New methods based on isotopic dilution are now
available to investigate changes in P speciation, bypassing
some of the detection limits commonly encountered when
measuring P concentrations in solution of weathered low-P
soils (Maertens et al., 2004). In contrast with empirical P
tests using chemical extraction, isotopic methods offer a
mechanistic approach to study P. These methods consider
the available P pool as the fraction of phosphate in the soil
solution plus the exchangeable phosphate on the soil solid
phase. The latter is termed the ‘P quantity’ while the
phosphate concentration in soil solution is termed ‘P
intensity’ (Dalal and Hallsworth, 1977). A third factor, the
P buffering capacity, describes how the P quantity varies
with a change in P intensity. It is proven that the labile P
assessed using isotopic methods corresponds with the
fraction of soil P accessed by plant roots (Russell et al.,
1954; Fardeau, 1993; Frossard et al., 1994). We applied
these enhanced methods to investigate the underlying
mechanisms of improved P utilization in legume–cereal
rotation systems.
The objectives of this research were: (i) to validate the

beneficial effects of PR application in a legume–maize
rotation system on P acquisition by a subsequent maize
crop, in comparison with a sole maize cropping system
under controlled conditions; (ii) to examine the effects of
legume growth and legume residue incorporation on P
speciation in a PR-applied soil; (iii) to link changes in P
speciation in the soil with P uptake by the subsequent
maize crop and verify whether improved P acquisition is
truly a direct result of improved P availability.

2. Materials and methods

2.1. Setup of the container rotation trial in a greenhouse

Topsoil (0–15 cm) and subsoil (15–45 cm) were sampled
from fallow land near Kasuwan Magani in the NGS of
Nigeria. The soil was classified as a Ferric Acrisol with a
petroferric phase (FAO, 1991), and is described in more
detail by Vanlauwe et al. (2000a) where the soil is referred
to as ‘plateau field’. Topsoil consisted of the Ap horizon
(0–9 cm) and the upper part of the Btc horizon (9–21 cm),
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while the subsoil comprised the lower part of the Btc
horizon and part of the Bt horizon (21–56 cm). The topsoil
and subsoil were air-dried and passed through a 4mm
sieve. Selected physico-chemical properties of the top and
subsoil are presented in Table 1. Sixty-four containers were
Table 1

Selected soil properties of the unamended top- and subsoil sampled near

Kasuwan Magani (Nigeria)

Topsoil

(0–15 cm)

Subsoil

(15–45 cm)

Sanda (%) 47 37

Silta (%) 31 23

Claya (%) 22 40

pH (0.01M CaCl2) 4.69 4.84

Total Cb (%) 1.06 0.61

Total N c (%) 0.085 0.051

CECd
ðcmolc kg

�1
Þ 5.31 8.30

Ca2þ ðcmolc kg
�1
Þ 1.12 3.26

Mg2þ ðcmolc kg
�1
Þ 0.26 1.00

Kþ ðcmolc kg
�1
Þ 0.11 0.11

Exch. aciditye ðcmolc kg
�1
Þ 0.17 0.17

Bray-I Pf
ðmgPkg�1Þ 8.43 0.69

E-valueg ðmgPkg�1Þ 11.7 2.21

KD
h

ðl kg�1Þ 2950 17 300
31Psolution

i
ðmgP l�1Þ 0.0039 0.0001

aparticle size analysis (IITA, 1982);
borganic carbon determined by wet combustion (Amato, 1983);
cKjeldahl N (IITA, 1982);
dcation exchange capacity and exchangeable bases by ammonium-

acetate method at pH 7.0 (IITA, 1982);
eexchangeable acidity determined by titration (IITA, 1982);
fBray-I P (IITA, 1982);
gE-value determined by the method of Maertens et al. (2004) in a 1:10

0.01M CaCl2 extract after 48 h of isotopic exchange and 8 h of resin

extraction;
hKD determined in a 10:1 0.01M CaCl2 extract after 48 h of isotopic

exchange;
iP concentration in the 0.01M CaCl2 extract calculated using E-value ¼

31PsolutionðKD þ L:SÞ, with L:S ¼ liquid solid ratio (Maertens et al., 2004).

Table 2

Treatment structure for comparing a legume–maize rotation system and a

management

Treatment First crop, supplied with

Maize(0P)/maizeð�rÞ Maize —

Maize(0P)/maizeðþrÞ Maize —

Maize(90PR)/maizeð�rÞ Maize 90 kgPR�Ph

Maize(90PR)/maizeðþrÞ Maize 90 kgPR�Ph

Velvetbean(0P)/maizeð�rÞ Velvet bean —

Velvetbean(0P)/maizeðþrÞ Velvet bean —

Velvetbean(90PR)/maizeð�rÞ Velvet bean 90 kgPR�Ph

Velvetbean(90PR)/maizeðþrÞ Velvet bean 90 kgPR�Ph

T1: maize(0P)/maize(+rVelB) Maize —

T2: maize(90PR)/maize(+rVelB) Maize 90 kgPR�Ph

R1: velvetbean(0P)/maizeðþ60TSPÞ Velvet bean —

R2: velvetbean(90PR)/maizeðþ60TSPÞ Velvet bean 90 kgPR�Ph
installed in a greenhouse at IITA-Ibadan, Nigeria and filled
with 42 kg of subsoil and 33 kg of topsoil. The containers
were constructed by placing a black nylon bag, perforated
at the bottom, in a square steel tube (40 cm high and 43�
43 cm wide), mounted on a coarse gravel bed covered with
a thin layer (about 1 cm) of river sand to ensure good
drainage.
A legume–maize rotation system was compared to a sole

maize cropping system. We imposed 12 different treat-
ments. The first eight treatments with six replications were
established as a complete factorial design with three
factors: first crop (legume or maize), PR application (with
or without PR-applied to the first crop) and residue
management (aboveground biomass of the first crop
exported or incorporated). In another two treatments (T1
and T2) with four replications, legume residues were
imported into the sole maize cropping system, with or
without PR application to the legume. The remaining two
treatments (R1 and R2) with four replications were
reference legume–maize systems, with or without PR-
applied to the legume and TSP applied in the second season
to the maize. Residues of the first crop were exported in
both the R1 and R2 treatment. The treatment structure is
presented in Table 2. The placement of the containers with
the various treatments in the greenhouse was completely
randomized.
Sieved (0.15mm) PR from Hahotoe, Togo (total P

content ¼ 11.1% P; soluble P in 2% citric acid ¼ 3.3%
of PR) was applied at a rate of 15.0 g PR per container, by
spreading the PR over the soil surface and raking it into the
top 10 cm dry topsoil. This corresponds to a field rate of
90 kgPha�1, assuming a maize spacing of 15 cm within
row and 75 cm between rows (53,333 maize plants per
hectare). A nutrient solution containing MgðNO3Þ2, KCl,
CaCl2, MgSO4, ZnCl2, CuCl2, FeCl3, MnCl2, CoCl2,
ðNH4Þ6Mo7O24, and Na2B4O7 salts was poured over the
soil surface of every container. This blanket nutrient
application provided a starter dose of N ð20 kgNha�1Þ
and sufficient amounts of other macro- (except P) and
sole maize cropping system as affected by PR application and residue

Second crop, supplied with

Maize —

Maize Residues of 1st crop

a�1 Maize —

a�1 Maize Residues of 1st crop

Maize —

Maize Residues of 1st crop

a�1 Maize —

a�1 Maize Residues of 1st crop

Maize Residues of velvet bean, grown with PR supply

a�1 Maize Residues of velvet bean, grown without P supply

Maize 60 kg TSP�Pha�1 Residues of 1st crop exported

a�1 Maize 60 kg TSP�Pha�1 Residues of 1st crop exported
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micronutrients ð100 kgKha�1, 60 kgCaha�1, 40 kgMgha�1,
17 kg Sha�1, 0:6 kgFe ha�1, 0:6 kgMnha�1, 0:3 kgZnha�1,
0:3 kgCuha�1, 0:15 kgCoha�1, 0:15 kgMoha�1, and
0:15 kgBha�1Þ. Only to containers where maize was grown
as first crop, additional urea N was split-applied during plant
growth at a total rate equivalent to 160 kgNha�1 (15%, 20%,
30% and 35% of the total rate at 10, 20, 32 and 45 days after
planting (DAP), respectively). The urea was added in a small
furrow (20 cm long and 3cm deep) about 10 cm from the
maize base and covered.

Per treatment, two 20 cm TDR (time domain reflecto-
metry) probes were installed vertically in the soil, and the
volumetric moisture content was determined daily during
the trial. Based on these moisture contents, water loss from
the containers was calculated. The first five days, the
moisture content was increased by daily adding 2 l of
distilled water to every container. The moisture content
was then increased more gradually to 20% v/v, and
corrected daily during crop growth based on the TDR
measurements.

Velvet bean (Mucuna pruriens (L.) D.C. cv. utilis
(Wright) Burck) and maize (Zea mays L. cv. Oba Super
II) were selected as test crops. The maize cultivar is a
commercial hybrid, late-maturing variety and is known to
be N-efficient (Sanginga et al., 2003). Velvet bean seeds
were pre-germinated in moist cotton wool. Four days after
water addition had started, five maize or velvet bean seeds
were planted in each container. Seven DAP, the seedlings
were thinned to one maize plant or two velvet bean
plants per container. During crop growth, the containers
were weeded and occurrence of pests and diseases
was controlled by regular preventive spraying. Seedlings
(7 DAP) were sprayed with a fungicide (Benlates, 2 g l�1,
active compound ¼ benomyl), and an insecticide mixture
(Sherpa pluss, 2ml l�1, active compounds ¼ cyperme-
thrin and dimethoate). Insecticide spraying was repeated 3,
6 and 10 weeks after planting. In the containers with velvet
bean, rods (2.5m) were installed to allow the legume to
climb. Growing across neighbouring plants was avoided by
regularly returning the offshoots of velvet bean to the rod.

The velvet bean aboveground biomass was harvested
earlier than the maize. Pod formation had started and in
order to obtain high quality residues without translocation
of nutrients to the seeds, the velvet bean aboveground
biomass was cut 98 DAP. The maize was harvested 105
DAP. The cobs were separated from the shoots and plant
materials were dried in an oven at 70 �C. Dried maize and
velvet bean plant shoots were cut to pieces not larger than
2 cm and a subsample of 10 g cut residues was ground.
Ground plant samples were digested in concentrated hot
H2SO4 and the N and P contents were determined
colorimetrically using automated analysis (TECHNI-
CONTM AUTOANALYZERTM II System) by the meth-
ods of Novozamsky et al. (1983) and Murphy and Riley
(1962).

After the first crop was harvested, the soil in the
containers was allowed to dry for 10 days. The rods and
maize stubbles were removed and the topsoil was re-
homogenized. Five days after rewetting, the total amount
of residues from the preceding crop was incorporated into
the top 10 cm soil for the relevant treatments. In the
reference treatments with TSP application, TSP was
applied at a rate equivalent to 60 kgPha�1. At the start
of the second season, macro- and micronutrients were
added similarly and at the same rates as in the first season
to all containers. As some indications of potassium
deficiency stress had been observed in the first season, the
application of K and other macronutrients (Ca, Mg and S)
was repeated after 33 days in the second season at the same
initial rates but only in treatments where no velvet bean
residues were incorporated. Velvet bean residues contained
about 0.8% K, representing an application rate equivalent
to 160 kgKha�1; this K is released readily, during the
initial 4 weeks of decomposition (Cobo et al., 2002) and is
thus almost directly available for plant uptake. In
treatments without velvet bean residue application, urea
application was also doubled, compared to the first season.
No urea was applied in treatments with incorporated velvet
bean residues. The velvet bean residues obtained contained
about 2.1% N and represented an N input equivalent to
430 kgNha�1. Ibewiro et al. (2000) showed that decom-
posing velvet bean residues readily release N which can
then be utilized by a maize crop. Assuming that half of the
N in the residues is released during the second season, these
residues can amply supply N to the subsequent maize crop.
Planting, harvesting (at 107 DAP) and analysis of plant
materials in the second season was done similarly to the
first season.

2.2. Soil sampling and analysis

During plant growth, composite topsoil samples (three
samples per container, at least 10 cm away from the maize
or velvet bean base) were taken using an auger with a
plastic liner (inner diameter 2.35 cm, depth 7.5 cm). In
every treatment, four replicate containers were sampled.
After sampling, the holes were filled with control topsoil
and a marker was placed to avoid the spot at consecutive
sampling times. Samples were taken 37 and 104 DAP
during the first season, and 2, 16, 29, 48, 75 and 99 DAP
during the second season. After recording the total fresh
weight, the samples were passed through a 2mm sieve and
roots and residues were removed. Part of the sample was
dried and the moisture content was determined. The
remaining fresh sample was stored in a fridge ð5 �CÞ.
Soils were analysed for P availability in terms of P

quantity (Q is the total amount of labile P in the soil), P
intensity (I is the phosphate activity in the soil solution)
and P buffering capacity ðPBC ¼ dQ=dIÞ. The labile P
quantity was estimated by the E-value, using the method of
Maertens et al. (2004), and was determined on dried soil
samples, as drying is unlikely to affect the E-value. An
aliquot of 3 g soil was equilibrated with 29ml water by
shaking end-over-end during 16 h. Consecutively, 1ml of a
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carrier-free 32P-orthophoshate solution ð65 kBqml�1Þ was
added and samples were remounted on the shaker. After
48 h, 1 strip of an anion exchange membrane (AEM,
6� 1 cm, product 55164 2S; BDH Laboratory supplies,
Poole, England), previously converted to the bicarbonate
form, was added and shaken with the soil suspension for
another 8 h. The resin strips were washed, transferred to
20ml of 0.5M HCl and shaken during 16 h. The P
concentration in the resin extract was determined by the
malachite green method and the 32P activity in the resin
extract was determined by LSC in a Packard Tri-Carb
1600CA liquid scintillation system. The E-value was
calculated using Eq. (1):

E ¼ D=SAAEM ¼ D=ð32PAEM=
31PAEMÞ (1)

with E ¼ the E-value ½mgPkg�1], D ¼ the applied 32P

dose ½Bqkg�1�, SAAEM ¼ the specific activity in the AEM

extract ½Bq ðmgPÞ�1�, 32PAEM ¼ the 32P activity in the

AEM extract ½Bq l�1� and 31PAEM ¼ the P concentration in

the AEM extract ½mgP l�1�.
The 32P distribution coefficient ðKDÞ, an estimator for

the P buffering capacity (PBC), and the P concentration in
soil solution ð31PsolutionÞ, an estimator for the P intensity (I),
were measured on fresh soil samples, since these para-
meters are highly susceptible to presence of labile organic
compounds. To determine the 32P distribution coefficient
(KD, ½l kg

�1
�), an aliquot of soil equivalent to 3 g dry soil

was weighed into polyethylene centrifuge tubes and 29 ml
of 0.01M CaCl2 was added. The soil suspension was
equilibrated on a vertical shaker during 16 h. Consecu-
tively, 1ml of a carrier-free 32P-orthophosphate solution
ð100 kBqml�1Þ was added and samples were remounted on
the shaker. After 48 h, the soil suspensions were centrifuged
(20min at 9000 g) and filtered (MF-Millipore, 0:22mm). To
1ml of filtrate, 4ml of LS cocktail ULTIMA GOLD XR
was added and samples were counted in a Beckman
LS5000CE liquid scintillation system. The KD-value was
calculated as the ratio of 32P activity adsorbed over 32P
activity remaining in solution. Since velvet bean residue
application affects the soil pH, and thus the solubility of
PR, the influence of pH on the KD-value was studied in
treatments with maize following velvet bean (except R1
and R2). In these treatments, the KD was determined on
dried soil samples but prior to the initial 16 h equilibration
period, the pH was adjusted using 1MHNO3or 1MNaOH
to obtain pH values within a range of 3.5–7.5.

The P concentration in soil solution (31Psolution;mgP l�1)
was only directly assessed in soils applied with TSP. An
aliquot equivalent to 3 g dry soil was equilibrated with 30
ml 0.01M CaCl2 during 16 h on a vertical shaker.
Subsequently, the suspension was centrifuged, filtered and
the P concentration in solution was determined by the
malachite green method (Van Veldhoven and Mannaerts,
1987). In all other soils, P concentrations in solution were
generally below the detection limit of the malachite green
method ð8mgP l�1Þ and were calculated based on the
E- and KD-value (Maertens et al., 2004):

31Psolution ¼ E=ðKD þ L: SÞ (2)

with E ¼ the E-value ½mgPkg�1�, KD ¼ the 32P distribu-

tion coefficient ½l kg�1� and L: S ¼ the liquid solid ratio

½l kg�1�.

2.3. Statistical analyses

The SAS program (SAS, 1999) was used to perform
analysis of variance (ANOVA). Significance of effects of
crop species, previous crop, PR application and residue
incorporation on yield, P uptake, soil pH and P availability
measures was determined using a general linear model
(GLM procedure) and a least square means method to
calculate linear combinations of the estimated effects; least
significant differences at Po0:05 ðLSD0:05Þ were used for
comparing treatment effects. Relevant comparisons with
additional treatments (T1, T2, R1 and R2, see Table 2)
were conducted by computing estimates of differences
between treatments using the ESTIMATE statement.
Differences in the relation in P uptake and measures of P
availability between selected treatments were tested by an
analysis of covariance.

3. Results

3.1. Response by maize and velvet bean to PR application

(first season)

The labile P quantity ðE�value ¼ 12mgPkg�1Þ and a
very small P concentration in the soil solution ð2mg P l�1Þ
suggest that the soil is P-deficient. However, maize and
velvet bean performed rather well in this trial (Fig. 1),
which is likely due to the optimal growing conditions in the
greenhouse. The maize yielded 125 g grains per plant,
which in the field would correspond to a grain yield of
6:6 t ha�1. Application of PR increased yields of both
crops. Velvet bean supplied with PR yielded over 400 g
aboveground dry matter per container, which is a
considerable amount of residues to be incorporated,
equivalent to a field rate of 22 tDMha�1.
P uptake was similar for maize and velvet bean. In the

control, about 320mgPper container was taken up, which
is quite large considering that the control E-value in the
topsoil equals 12mgPkg�1 and the topsoil thus contains a
total amount of only 386mg labile P (after 48 h of isotopic
exchange) per container. For both crops, PR application
significantly increased P uptake by, on average,
145mgPper container. As such, maize and velvet bean
are equally able to utilize PR (about 9% of the rock
phosphate applied) under these controlled conditions.
Even though both crops withdrew similar amounts of P

from the soil, we observed differences in soil P availability
indices in the PR amended soils between the two crops
(Fig. 2). In the control treatments, the E-value decreased by
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Fig. 1. Biomass, grain yields and P uptake of maize and velvet bean as affected by PR application (first season). Lower left error bars represent LSD0:05 for
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grainsÞ and total plant P uptake of maize and velvet bean ðn ¼ 16Þ.
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almost 50% and 31Psolution decreased from 2 to 0:7mgP l�1

during the first season. In PR-applied soil grown with
maize, the E-value did not change with time, while the
E-value slightly increased with time in soils grown with
velvet bean. The 31Psolution remained significantly largest in
containers where PR was applied and velvet bean was
grown. In this treatment, the KD did not change with time,
contrary to the corresponding treatment where maize was
grown, and where an increase in KD and consequently, a
decrease in 31Psolution were observed at the end of the
season.
3.2. Response by maize to previous velvet bean growth, PR

application and incorporation of legume residues (second

season)

Compared to the first season, control maize yields in the
second season had significantly declined to 30 g grains per
plant, equivalent to about 1:6 t ha�1 (Fig. 3). The DM and
grain yields of maize following velvet bean were more than
twice as large compared to maize following a first maize
crop. This positive effect of previous velvet bean growth on
maize yield and P uptake was highly significant
(F�values ¼ 28:2 and 86.6, Po0:0001) and occurred
irrespective of whether PR was applied, or whether residues
of the preceding crop were incorporated. The residual
effect of velvet bean was even considerable in the
treatments where the residues were removed, although
both maize and velvet bean withdrew similar amounts of P
during the first season. PR application significantly
increased yields ðF�values ¼ 14:3;P ¼ 0:005Þ and P uptake
ðF�values ¼ 73:6;Po0:0001Þ of both maize following
velvet bean and maize following maize. In the second
season, maize following velvet bean utilized 11% of the
applied rock phosphate versus 8% by maize following a
first maize crop (calculated based on the difference with the
control treatments without residue incorporation). The
incorporation of legumes in maize-based cropping systems,
combined with PR application increased yields of the
subsequent maize crop compared to a maize mono-
cropping system with PR application, achieving 72% of
the maximal yield observed in the reference treatment with
TSP application to maize (on average 160 g grains per
plant, equivalent to 8:5 t ha�1, treatments R1 and R2).
Residue management, however, did not affect maize

grain yields in the second season. A significant ðF�values ¼
4:0;P ¼ 0:05Þ interaction between effects of the previous
crop and effects of residue incorporation on total maize
DM yield was observed. Incorporation of maize residues
(containing on average 0.05% P) did not affect yields.
Contrarily, the incorporation of velvet bean residues
significantly increased total DM yields. Although P
concentrations in the velvet bean residues were rather
small (0.09% P in the control and 0.12% P in the treatment
with PR), incorporating these residues nevertheless pro-
vided a substantial P input (equivalent to field rates of
17225 kgPha�1Þ because of the high DM application
rates. Grain yields, however, were not affected by residue
application. In the additional treatments (T1 and T2),
where velvet bean residues were imported into the sole
maize cropping system, maize yields and P uptake were
slightly larger than the control but smaller compared to
yields obtained in soils where previously velvet bean was
grown.
3.3. Relation between plant P uptake and measures of P

availability

Both E-values and 31Psolution were small during the entire
second season in control soils irrespective whether pre-
viously maize or velvet bean was grown. As such, the larger
P uptake by maize following velvet bean compared to
maize following a first maize crop cannot be explained by a
difference in the soil labile P quantity or P intensity. In PR-
applied soils, E-values and particularly 31Psolution remained
consistently larger during the first 7 weeks in the second
season if previously velvet bean was grown, compared to, if
previously maize was grown. The improved soil P
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availability demonstrates that growing a legume enhances
P release from the PR-applied. However, incorporation of
velvet bean residues almost tripled E-values and 31Psolution

between 16 and 29 DAP while no significant effects of
residue incorporation on maize grain yields were observed.
In the additional treatments T1 and T2, incorporation of
velvet bean residues also almost tripled E-values between
16 and 29 DAP. The 31Psolution differed significantly among
treatments, with largest P concentrations observed in the
treatment where residues of velvet bean previously grown
with PR application were incorporated in control soil (T1),
compared to the treatment with incorporation of control
velvet bean residues in soil where previously PR was
applied (T2). Maximal 31Psolution equalled 6 and 3mgP l�1

in the treatments T1 and T2, respectively. Although
incorporation of velvet bean residues led to large increases
in P quantity and P intensity, effects on plant P uptake
were very limited. As such, beneficial effects of the legume
on P uptake by the subsequent maize crop proved to be
larger than predicted by the P availability measures.

This is confirmed by a correlation analysis, relating total
P uptake by maize in the second season to measures of soil
P availability determined 29 DAP (third sampling time in
the second season); at this sampling time, maximal
treatment effects were observed and the maize plants had
well advanced into their exponential growth phase. We
found significant but rather weak correlations between
total P uptake by maize and 31Psolution or the E-value,
excluding treatments with addition of TSP (Table 3).
Measures of P availability can but partly explain the
observed positive rotational effects. Correlations were
improved by including the KD-value and the pH in a
multiple regression equation with 31Psolution R2 ¼ 0:76Þ. The
effect of changes in soil pH on the KD-value was
investigated in more detail for selected treatments
(Fig. 4). Without PR application, a similar plateau KD-
value (about 3650 l kg�1Þ was observed between pH 4.5 and
6.0 in the control and in the soil amended with velvet bean
residues. In PR-applied soil, a slightly larger plateau
KD-value ð4070 l kg

�1
Þ was observed at pH 4.5–6.0 if

residues were exported. Incorporation of velvet bean
residues generally decreased the KD-value over the entire
pH range. Through mineralization, P and organic anions
were released and sorption sites in the soil were presumably
occupied. In both treatments in PR-applied soil, a pH
decrease below pH 4.0 resulted in a considerable decrease
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Table 3

Pearson correlation coefficients (R) and multiple regression equations relating total P uptake by maize in the 2nd season to measures of soil P availability

(31Psolution, E-value, KD and soil pH ðn ¼ 40Þ)

Variable(s) R Multiple regression equation

31Psolution
0.75 P uptake ¼ 794��� þ 92:5��� lnð31PsolutionÞ

31Psolution þ KD 0.76 P uptake ¼ 1220��� þ 53:9� lnð31PsolutionÞ � 75:3ns lnðKDÞ
31Psolution þ KD þ pH 0.87 P uptake ¼ 847��� þ 299��� lnð31PsolutionÞ þ 241�� lnðKDÞ � 181���pH

E-value 0.54 P uptake ¼ 108��� þ 7:59��� E-value

E�valueþKD 0.75 P uptake ¼ 1360��� þ 2:72nsE�value� 134��� lnðKDÞ

E�valueþKD þ pH 0.83 P uptake ¼ 1330��� þ 17:4���E�value� 61:7� lnðKDÞ � 167���pH

ns, �, �� and ��� indicate a non-significant contribution in the equation of the coefficient at Po0:05 and significant contributions of the coefficient at

Po0:05, Po0:01 and Po0:001, respectively.
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in KD and thus an increase in 31Psolution. At a pH of 3.6,
31Psolution increased to 0.66 and 1:4mgP l�1 in the treatment
with residues exported and incorporated, respectively. As
such, if velvet bean residues were exported, a pH decrease
by 0.6 units in PR-applied soil resulted in an increase
in31Psolution by almost a factor 200, while if residues were
incorporated, a much larger pH decrease was required to
increase 31Psolution. The soil pH thus has a considerable
effect on P availability in PR-applied soils.

4. Discussion

Field results by Vanlauwe et al. (2000a) also showed
increased P availability (in terms of Olsen P contents) in
PR-applied soils after legume growth versus maize growth.
This improved soil P availability is likely related to P
mobilization mechanisms of velvet bean. Several authors
have shown that legumes are able to access sparingly
soluble P through root-induced chemical changes (e.g.
Braum and Helmke, 1995; Kamh et al., 1999b; Hinsinger,
2001). The legumes decreased soil pH to a larger extent
than maize (Fig. 2c). Acidifying the rhizosphere enables
species to utilize PR. Hoffland (1992) demonstrated that
exudation of organic acids was highly effective to increase
P uptake from PR. Citrate release can significantly dissolve
Ca-bound P (Jones and Darrah, 1994). In contrast to
legumes, root-induced P mobilization is unlikely to occur
in the rhizosphere of the maize variety studied (Pypers
et al., 2006b). Nevertheless, maize and velvet bean respon-
ded comparably to PR application in the first season of our
trial. Cereal crops importantly rely on morphological
adaptations to efficiently utilize soil P resources (Gahoonia
and Nielsen, 2004). Gahoonia et al. (1999) showed that the
root hair length determined P uptake efficiency in barley
cultivars grown in low-P soils. We suspect that the maize
variety studied is capable of acquiring P at low P intensity
due to its long root hairs (on average 0.68mm; unpublished
results from other trials). The optimal moisture conditions
may have favoured the development of an extensive active
root system which enabled maize to take up a relatively
large amount of P (considering the E-value).
Our results confirm that supplying a legume with PR

improves P availability in the soil and P acquisition by a
subsequent maize crop, in comparison with a sole maize
cropping system. However, we observed large discrepancies
between measures of P availability and maize P uptake:
correlation analysis revealed that measures of P quantity or
P intensity can only account for 29% and 56 % of the total
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variation in P uptake. Including the KD-value improved
the correlation, as P uptake is known to be affected by both
the P quantity and the P intensity (Holford and Mattingly,
1976; Pypers et al., 2006a). Furthermore, the regression
equation indicates that P uptake increases with decreasing
pH, which is likely related to a better availability of the
applied PR in treatments with lower pH. Particularly the
incorporation of velvet bean residues led to large increase
in soil pH. We conducted an analysis of covariance to
investigate the relation between maize P uptake and
31Psolution as affected by the incorporation of velvet bean
residues in PR-applied soils. In treatments where velvet
bean residues were incorporated (pH 5.7–5.9), maize
required a significantly larger ðPo0:01Þ 31Psolution to obtain
a given P uptake, compared to other treatments where the
pH remained low ðpH ¼ 4:324:8Þ. Besides, incorporation
of velvet bean residues significantly increased soil P avai-
lability, as shown by the E-value and 31Psolution (Fig. 2). In
the treatments with no incorporation of velvet bean
residues, a slight further acidification in the rhizosphere
possibly resulted in a substantial dissolution of the applied
PR, as was illustrated in Fig. 4. We suspect that in
treatments with combined PR and velvet bean residue
application, the P taken up by the maize plant is mainly
supplied by the decomposing residues. In PR-applied soils
where residues were exported and the pH remained low,
however, P is more likely supplied by the dissolution of the
PR. Further studies with labelled residues and soils are
required to confirm this hypothesis. Oladeji et al. (2006)
also reported large pH increases when incubating a less
acid soil ðpH ¼ 5:3Þ with plant residues of various qualities;
combined plant residue and PR application, however, did
not result in increased P release from PR in this soil. Other
authors did observe that the combined application of PR
and organic residues leads to improvements in P avail-
ability and crop yields (e.g.Sharma and Prasad, 2003;
Waigwa et al., 2003; Tian and Kolawole, 2004). The
effectiveness of the materials however depended largely on
the soil and residue characteristics because P release from
PR and residues is determined by complex interactions
between the soil and the organic materials.

Since no reference treatment with TSP application was
included in the sole maize system, it is difficult to verify
whether P deficiency was the only limitation for crop
growth. To examine to which extent the beneficial rotation
effects on P uptake by the subsequent maize crop were
attributed to improved P nutrition, yields were related to
the internal P concentration (Fig. 5). Maize yield sig-
nificantly increased with increasing plant P concentration
among all treatments. However, the relationship between
internal P concentration and DM yield varied with the
previously grown crop. The DM yield of maize following a
first maize crop remained largely unaffected by the internal
P concentration; hence, maize accumulated P without a
significant response in growth. For maize following velvet
bean, larger DM yields were observed at a given internal P
concentration compared to maize following maize, and
DM yields significantly increased with increasing internal P
concentration. This difference in internal P utilization
strongly suggests the presence of another growth-limiting
factor, other than P, which was counteracted by the legume
growth. This factor is possibly microbiological in nature,
related to changes in populations of arbuscular mycor-
rhizal fungi (Fyson and Oaks, 1990; Munkvold et al., 2004;
Jansa et al., 2005), P-solubilizing fungi and bacteria
(Whitelaw, 2000; Barea et al., 2002) or microorganisms
with antagonistic properties towards plant microbial
pathogens and nematodes (Vargas-Ayala et al., 2000),
with possible beneficial interactions between these micro-
bial species (Barea et al., 2005). Babana and Antoun (2006)
showed that combined inoculation with PR-solubilizing
organisms and a commercial arbuscular mycorrhizal fungi
isolate not only increased P acquisition by wheat in a PR-
applied soil, but also favoured improved internal P
utilization. This suggests that shifts in mycorrhizal com-
munities could likely be involved in the positive rotational
effects observed in our trial. Our study was, however, not
designed to investigate the possible contribution of soil
microorganisms; it needs to be acknowledged that the
biocides applied may have influenced soil microbial
communities, and therefore obscured some of the positive
rotational effects observed. Alvey et al. (2001) and
Bagayoko et al. (2000) studied cereal–legume rotation
systems in West-Africa and concluded that yield improve-
ments in the rotation system versus continuous cereal
growth were due to a combination of improved N and P
nutrition, higher levels of arbuscular mycorrhiza and lower
infection rates by plant parasitic nematodes. We concur
with the above authors that future studies should focus on
the biological fertility of legume–cereal rotation systems,
with specific focus on plant-beneficial interactions between
microorganisms occurring in the rhizosphere.
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In conclusion, our results confirm that PR application,
combined with the incorporation of velvet bean in a
rotation system with maize, can considerably enhance crop
production. The legume growth enhances P acquisition by
the subsequent maize crop, but evidence was found that the
benefits of the system go beyond N and P fertility. The soil
pH as affected by crop growth and residue management
crucially determines P availability and uptake in PR-
applied soils. In addition, results suggested that the
rotation system may eliminate other growth-limiting
factors, likely microbiological in nature.

It needs to be stressed that incorporating a legume into
the system cannot eliminate the need for P inputs. Because
most PR deposits are mined in the tropics, one often
considers PR as a suitable P source for crop production in
tropical P-deficient soils (Sanchez et al., 1997). However,
PR enjoys little popularity towards extension agencies and
farmers. High rainfall and low soil pH are absolute
prerequisites for PR utilization. Beneficial effects of PR
application combined with adapted legume-cereal rotation
systems are site-specific (Vanlauwe et al., 2000b). Also,
management is difficult, PR is rarely locally available on
markets, and has higher transportation costs than TSP
because of its lower P content and solubility. In the end,
cost-effectiveness determines whether farmers will apply
PR (Buerkert et al., 2001). The profitability of a rotation
system with velvet bean and PR application needs to be
compared with direct application of soluble P fertilizer.
Finally, rather than using a herbaceous legume such as
velvet bean, the use of a dual-purpose grain legume (e.g.
soybean), providing edible beans and a direct profit to
farmers, could considerably accelerate the system’s im-
plementation and therefore deserves further investigation.
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